constitutive model of the human vocal fold cover for fundamental frequency regulation" (2006) The elastic as well as time-dependent mechanical response of the vocal fold cover ͑epithelium and superficial layer of the lamina propria͒ under tension is one key variable in regulating the fundamental frequency. This study examines the hyperelastic and time-dependent tensile deformation behavior of a group of human vocal fold cover specimens ͑six male and five female͒. The primary goal is to formulate a constitutive model that could describe empirical trends in speaking fundamental frequency with reasonable confidence. The constitutive model for the tissue mechanical behavior consists of a hyperelastic equilibrium network in parallel with an inelastic, time-dependent network and is combined with the ideal string model for phonation. Results showed that hyperelastic and time-dependent parameters of the constitutive model can be related to observed age-related and gender-related differences in speaking fundamental frequency. The implications of these findings on fundamental frequency regulation are described. Limitations of the current constitutive model are discussed.
I. INTRODUCTION
In an understanding of voice production processes it is of great interest to obtain predictions of the fundamental frequency of phonation F 0 and to compare such model predictions to experimentally determined trends. Intrinsically, the fundamental frequency of phonation is dependent on the mechanical properties of the tissue in the vocal fold. Specifically, the human vocal fold cover, or superficial layer of the lamina propria, is predominantly an extracellular matrix ͑ECM͒ that is optimally designed for tissue vibration and sound production in response to a unique set of biomechanical stimuli in the human larynx. These stimuli include smallstrain deformation due to small-amplitude vibration of the vocal fold as well as large-strain deformation due to vocal fold posturing. 1 Small strain deformation occurs at high magnitudes of acceleration ͑up to 200-300 g͒ and at high frequencies ͑around 100-150 Hz for male voice, 200-300 Hz for female voice͒. 2 Large strain deformation occurs at low frequencies ͑around 1 -10 Hz͒ and is relevant to vocal fold posturing, i.e., the processes of vocal fold length changes and abduction/adduction creating an optimal set of vocal fold shape and glottal geometry, in order to achieve a desired mode of vibration and vocal fundamental frequency. 1 Vocal fold length adjustments during posturing are primarily driven by the antagonistic actions between cricothyroid and thyroarytenoid muscle activities, resulting in a large strain deformation at tensile strains ranging from 0 to over 40%, or perhaps over 50%. Such high magnitudes of strain are found in situations where singers need to go up the musical scale by more than two octaves. Specific levels of deformation depend on the actual desired fundamental frequency, the relationship between the amplitude of vocal fold vibration and the vocal fold length, and the subglottal pressure. 3 These length changes in the vocal fold are related to the stress level in the vocal fold through the mechanical response of the vocal fold tissue. Furthermore, it is of interest to obtain an understanding of the time course of fundamental frequency changes during speech F 0 ͑t͒ where t is time. Experimental data on the large-strain mechanical response of vocal fold tissue clearly demonstrate a nonlinear time-dependent behavior. 4 Due to this inherent viscous nature of the vocal fold tissue, the time-dependent changes in vocal fold length are directly linked to changes in fundamental frequency. For an understanding of these phenomena from a continuum mechanics perspective, a constitutive model that reliably describes the stress-strain response of tissues in the vocal fold is of importance. Specifically, the focus of the present study is to investigate fundamental frequency predictions under consideration of a large-strain time-dependent tensile stressstrain response of the vocal fold cover. In the past vocal fold tissue has commonly been described by either linear elastic models, 5, 6 nonlinear elastic models, [7] [8] [9] [10] or viscoelastic models through the introduction of multiple relaxation times or a time dependence of the elastic constants. 1, 11, 12 These models possess limitations in dealing with the highly nonlinear tissue response, especially in the large-strain time-dependent response. In the present paper the constitutive description is based on the idea of network models 13 formulated within an inelastic and time-dependent continuum constitutive relation such that the tissue response to any load is the outcome of an increment solution. For the description of the hyperelastic response of the tissue the Ogden model 14 is used, which has been shown to be promising in the characterization of the tensile behavior of other soft tissues, e.g., brain tissue. 15, 16 In addition, a flow rule 17, 18 is defined which correlates stress and strain to the magnitude of the time-dependent inelastic deformation. Models of this type have been shown to be capable of describing a wide range of experimentally observed effects in the mechanical behavior of polymers [17] [18] [19] [20] and soft tissues. 18, 21, 22 The model is applied to results of measurements of the tensile mechanical properties of vocal fold cover specimens obtained from human subjects. Through the constitutive model one can then establish a link between the tissue constitutive properties and histological structure of the vocal fold lamina propria. This provides insights into the relationship between tissue structure and tissue function. Specifically, the present study attempts to correlate the relative densities of collagen and elastin fibers in the vocal fold reported in the literature, including their age-related and genderrelated differences, 23, 24 with age-and gender-related changes in the parameters of the constitutive model, and finally empirical age-and gender-related dependencies of the fundamental frequency. Even with the number of available human subjects being limited, preliminary conclusions are drawn which correlated well with empirical data on speaking fundamental frequency changes.
II. MECHANICS OF F 0 REGULATION

A. The string model
The ideal string model of phonation 3 provides the starting point for the investigation of the fundamental frequency of phonation. In this model an ideal undamped situation is assumed, and F 0 can be expressed as a function of the current vocal fold length l, the tissue density , and the tissue longitudinal stress :
Recently, Titze and Hunter 25 showed that the string model described by Eq. ͑1͒ may underestimate the fundamental frequencies of the vocal fold, specifically the vocal ligament, especially at low ranges of strain. By taking into account the effects of variable cross-sectional area and bending stiffness of the vocal fold macula flavae they derived an empirical correction rule to correct the ideal string model as
With this correction, the fundamental frequency is dependent on the magnitude of deformation applied due to posturing. Throughout the present study, deformation is measured as stretch . In a uniaxial loading condition, stretch is defined as u =1+⑀ = l / L, with ⑀ = ͑l / L͒ − 1 being strain and L being the resting length of the vocal fold. Equation ͑2͒ was defined to be valid in the range of u = 1.1 to 1.5.
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In the following, we focus on implications of the constitutive model describing tissue deformation on fundamental frequency regulation. Such effects can be revealed by combining the string models of Eqs. ͑1͒ and ͑2͒ with an appropriate constitutive model of the vocal fold tissue.
B. A constitutive model for the vocal fold cover
The use of a network-type constitutive model is motivated by the underlying tissue structure. Following Gray et al., 26, 27 Fig. 1͑a͒ depicts a schematic representation of the molecular networks present in the ECM of the vocal fold lamina propria. The main constituents include networks of fibrous proteins ͑collagen and elastin͒ and water-absorbing, space-occupying hyaluronic acid molecules. Mechanically, the fibrous proteins collagen and elastin provide a structural framework, whereas hyaluronic acid and other interstitial protein molecules contribute to regulate the viscosity and elasticity of the ECM. 26, 27 Reflecting this molecular structure, the constitutive model consists of a time-independent equilibrium network ͑A͒ in parallel with a time-dependent network ͑B͒ ͓Fig. 1͑b͔͒. No specific assumption is made with regard to collagen, elastin, or interstitial protein molecules exclusively contributing to either network considered in the model. Instead, both the equilibrium response and the inelastic response are assumed to arise from molecular interactions between connected network components, among collagen, elastin, or other protein molecules. In the following, the constitutive model is described in a complete three-dimensional formulation. However, in view of the string model ͓Eq. ͑1͔͒, appropriate one-dimensional relationships are given.
The deformation gradient F relates the length and orientation of a material element dX in the reference configuration to its length and orientation in the deformed configuration dx through dx = F · dX. Initial length and current length are defined as ͑dL͒ 2 = dX T · dX and ͑dl͒ 2 = dx T · dx, respectively, so that stretch is 2 
in which N is the unit vector along the orientation of dX. The two networks ͑A͒ and ͑B͒ are in parallel with each other such that the applied deformation gradient F is identical to the deformation gradients in the networks, F A , F B :
͑4͒
A one-dimensional rheological model representation of the model is given in Fig. 1͑b͒ . Following this parallel arrangement of networks, the total Cauchy stress T is the sum of the Cauchy stresses in networks ͑A͒ and ͑B͒, T A , T B :
The equilibrium network ͑A͒ is characterized by a hyperelastic ͑large-strain͒ constitutive behavior. In the analysis of the experimental data it was found that a first-order Ogden model 14 together with the assumption of incompressible material response ͑with the Poisson's ratio = 0.5͒ allows for an appropriate description of the tissue behavior. This model is described by a strain energy density function w of the form
where A is the initial shear modulus of the equilibrium network and ␣ is the corresponding dimensionless constant describing the nonlinearity of the elastic response. For incompressible behavior the shear modulus is related to the elastic modulus ͑Young's modulus, E͒ with E =3. The deformation is characterized through the principal stretches 1 , 2 , 3 which satisfy 1 2 3 = 1. It is recognized that the vocal fold cover may not be completely isotropic in microstructure and thus in its mechanical properties. 5, 11 In the present study, however, effects of anisotropy are not considered.
In the time-dependent network ͑B͒, the deformation gradient is decomposed multiplicatively into an elastic component F e and a viscoplastic component F p :
The elastic response of network ͑B͒ is again described by an Ogden model, with initial shear modulus B and the power ␣. Thus, a formulation identical to that of Eq. ͑6͒ introduced for the description of network ͑A͒ applies for the elastic part of network ͑B͒. In the present model it is assumed that the two networks ͑A͒ and ͑B͒ possess the same power ␣ in the hyperelastic response but different values of the initial network shear moduli, A B . Following the formulation in Ref. 17 the inelastic rate of the shape change of network ͑B͒ is 
The model introduces three parameters for the description of the inelastic response. The stress exponent m characterizes the dependence of the inelastic deformation on the stress level in network ͑B͒. The stretch exponent c͑−1 Ͻ c Ͻ 0͒ characterizes the dependence of the rate of inelastic deformation on the current magnitude of inelastic deformation. The viscosity scaling constant Z defines the absolute magnitude of the inelastic deformation. Furthermore, ␦ is a small positive number ͑␦ Ͻ 0.001͒ introduced to avoid singularities in the inelastic stretch rate when the inelastic stretch is close to one. 18 For uniaxial loading of a specimen of initial length L to a current length l the principal stretches are 1 
For the equilibrium response as given by the nominal stress in network ͑A͒, the total nominal stress = A . This stress is obtained as the derivative of the strain energy density w with respect to the applied stretch u :
Under consideration of the time-dependent response, stress is calculated from the elastic components of stretch A e , B e and both depend on the applied stretch u and the applied stretch rate u . For network ͑A͒ the elastic stretch rate is A e = A = u and the elastic stretch is u = A = A e . In network ͑B͒ the elastic stretch rate B e can be expressed as
with the elastic stretch component B e found through numerical integration 28 of Eq. ͑11͒. With these formulations, the total nominal stress can be obtained:
III. TISSUE DATA
A. Experimental method
The passive uniaxial tensile stress-strain response of the human vocal fold cover was measured by sinusoidal stretchrelease ͑loading-unloading͒, with the use of a dual-mode servo control lever system ͑Aurora Scientific Model 300B-LR, Aurora, ON͒ ͑Fig. 2͒. The servo control lever system allowed for precise real-time measurements of the displacement and force of the lever arm, with a displacement accuracy of 1.0 m and a force resolution of 0.3 mN. The servocontrol lever system possessed a displacement range of up to 8 -9 mm in the frequency range of 1 -10 Hz. The experimental protocol was approved by the Institutional Review Board of UT Southwestern Medical Center.
The sinusoidal tensile stretch-release protocol for obtaining stress-strain data was similar to those of Alipour and Titze 7 and Perlman, 29 but the dissection was different because only canine vocal fold tissues were tested in those previous studies, instead of human. In the present study, the vocal fold cover, i.e., the epithelium and the superficial layer of the lamina propria, was dissected with instruments for phonomicrosurgery, as summarized in Chan and Titze 11 ͑please note that in Chan and Titze 11 the vocal fold cover was referred to as the "mucosa"͒. In particular, the superficial layer of the lamina propria was separated from the intermediate layer ͑the vocal ligament͒ and the thyroarytenoid muscle ͑the vocal fold body͒ by a Bouchayer spatula for blunt dissection. This lateral boundary of excision was facilitated by the natural plane of dissection between the superficial layer and the middle layer of the lamina propria, which was correlated to elastin fiber density. 30 No muscle tissue was observed in all of the vocal fold cover specimens isolated. Each cover specimen remained naturally attached to a small portion of thyroid cartilage at the anterior end and a small portion of arytenoid cartilage at the posterior end, to which sutures were attached for mounting and for elongation. It is believed that the tissue primarily responsible for bearing stress and undergoing deformation was the cover itself ͑epithelium and/or superficial layer of the lamina propria͒, since the vocal ligament and the vocal fold body ͑muscle͒ were excluded from the specimen after dissection.
Each vocal fold cover specimen to be tested was mounted vertically to the lever arm through sutures in KrebsRinger solution at a pH of 7.4 and at 37°C in a glass environmental chamber. In all experiments the loading rate was 1 Hz. This frequency for vocal fold length changes was selected based on the following considerations. A broad range of speeds of vocal pitch changes was observed in human subjects 31, 32 and in canines in vivo. 33 A response time of around 50-100 ms was found for human singers and untrained subjects as they attempted ascending and descending pitch jumps at maximum speeds. 31, 32 A time constant of about 30 ms was found for exponential increase or decrease in vocal fold strain in dogs under supramaximal electrical stimulation of the superior laryngeal nerve or the recurrent laryngeal nerve, up to a maximum positive strain ͑elonga-tion͒ of about 45%. 33 The exponential time constant observed in the canine study was consistent with the human response time, as it was defined as reaching 66.7% of the target pitch, while it would take about three time constants ͑90 ms͒ to approach steady state. 33 A time constant of 50 ms would correspond to a loading rate of 10 Hz for 50% vocal fold elongation under sinusoidal deformation, whereas 500 ms would correspond to a loading rate of 1 Hz. Since the vocal fold length changes in these experiments were executed at maximum speeds or supramaximally, for lower speeds of pitch changes such as those during speech, particularly for males, the time constant could approach 500 ms, i.e., a loading rate of 1 Hz as chosen in the present experiments.
Displacement and tensile force of the specimen under cyclic stretch-release were measured, and data were acquired at a sampling rate of 1000 samples per second per channel with a 14-bit signal amplitude resolution. From the vocal fold in situ length ͑resting cadaveric length͒ L and the current length l the uniaxial stretch of a specimen was obtained as u = l / L. The nominal tensile stress was determined from the measured force divided by the specimen crosssectional area A, estimated by A = M / ͑L͒ where M is the mass of the specimen. 7 The mass of each cover specimen was measured after the completion of the tensile stretchrelease experiment. A possible hydration-induced change in mass of the specimens in the present study was not examined, but results of an animal model showed that the mass of the porcine vocal fold mucosa increased by around 5%-10% with an hour of hydration in an isotonic solution ͑incubation in Krebs-Ringer solution at pH 7.4͒. This discrepancy in specimen mass could indeed introduce a larger variability into the stress-strain data, as mass affects the calculation of cross-sectional area of the specimen. However, based on our animal data the increase in variability was limited to only about 5% of the specimen mass before incubation, resulting in a 5% or less error in the calculated stress values. The nominal stress was selected as a stress measure in order to facilitate the comparison to previously published data on the vocal ligament and the vocal fold body ͑muscle͒. 8 This definition of stress is also commonly used in other studies in soft tissue biomechanics. 15 constant value of maximum length at load reversa l rev such that the stretch at load reversal is defined as u,rev = l rev / L. Vocal fold cover specimens were dissected from 11 larynges excised within about 24 h postmortem, procured from autopsy from human cadavers free of head and neck disease and laryngeal pathologies. All subjects were nonsmokers and were Caucasians, although race was never a factor in the procurement. Tissue samples were obtained from six male larynges of ages Y = 17, 33, 51, 65, 66, and 99 years. The vocal fold in situ lengths of the male specimens were L = 14.1, 17.8, 22.4, 18.0, 20.4, and 17.0 mm, respectively, in the order of increasing subject age. The in situ lengths of male specimens did not significantly depend on age ͑p = 0.58͒. Exploiting the displacement range of the lever system the male specimens were loaded to stretches of up to u,rev = 1.35. Samples were obtained also from five female larynges of ages Y = 80, 82, 83, 85, and 97 years. The vocal fold in situ lengths of the female specimens were L = 14.5, 14.9, 15.1, 13.7, and 13.9 mm, respectively, in the order of increasing subject age. The in situ lengths of female specimens did not significantly depend on age ͑p = 0.31͒. Female specimens possess shorter in situ lengths than male specimens at a level of statistical significance ͑p = 0.02͒. Exploiting the displacement range of the lever system, the female specimens were loaded to stretches of up to u,rev = 1.5 except for the specimen Y = 97 which was tested to smaller maximum deformation.
In the experiments, the goal was to prevent any slackness in the sutures and to mount the specimen at a length as close to its in situ length as possible. No further predeformation was used in the experiments. The in situ length was used as the reference length for calculation of stretch values. Mounting was accomplished such that a tensile force of 0.01-0.02 N was applied to the specimen. This force relaxed until the start of each test. The stress-stretch curves reported are those after preconditioning, i.e., after the stretchrelease loading had reached a stable response. A stabilized response was typically achieved after 10 to 12 cycles. During preconditioning the experimental data shifted from the initial zero position of the load-elongation diagrams due to creep deformation. For the analysis of the experimental data in the preconditioned state and their characterization by the constitutive model the creep offset deformation was subtracted and load-elongation curves were placed at zero.
Measured tensile stress-stretch curves obtained for the male and female specimens are given in Fig. 3 . While only a limited number of specimens are available, all curves show similar characteristics. A significant hysteresis and a strong nonlinear dependence of stress on the applied stretch is observed, similar to previous stress-strain data on the human vocal ligament. 8 For higher stretch values the fit is still good but less perfect. This is attributed to potential heterogeneous deformation at larger magnitudes of deformation.
B. Constitutive characterization
The constitutive model is applied to characterize each of the specimens with the multi-parameter constitutive model. The resulting constitutive material parameters A , ␣ , B , Z , m , c obtained for the individual specimens are subsequently investigated in their age and gender differences. The Appendix describes the procedure to determine the values of the constitutive parameters. Figure 4 shows examples of specimen response in the constitutive model in comparison to experimental data for two male and two female samples, respectively. The two male examples Y = 17 and 99 are chosen to document in detail the differences in tissue response between a very young subject and one of advanced age, and to demonstrate the flexibility of the constitutive model to characterize significantly different types of stress-stretch response in a unified framework. It can be seen from Fig. 4͑a͒ that the samples for the male subjects Y = 17 and 99 exhibit quite significantly different characteristics with respect to hysteresis and the stress level associated with an applied level of deformation. Such differences are interpreted as possibly age related, due to the ultrastructural changes occurring with age, 23, 24 as in FIG. 3 . Experimental tensile stress-stretch response at loading frequency of 1 Hz: ͑a͒ male vocal fold cover specimens and ͑b͒ female vocal fold cover specimens ͑Y = age in years͒.
some other human soft tissues such as lung tissue. 34 Despite these differences the constitutive model can characterize both stress-stretch curves well. Parameter values of the constitutive parameters for all male subjects are summarized in Table I . 
C. Age-and gender-related differences in tissue behavior
For male specimens it was possible to establish a relationship between the tissue response and age. A nonlinear regression analysis 35 Figs. 5͑a͒ and 5͑b͒ . The value of A , i.e., the stiffness of the tissue equilibrium response, increases with age, with the increase more significant in the age range below 65 years of age and a saturation at older age. The regression data suggest that A for older males is up to three times larger than that of young adult males. Similarly, the nonlinearity of the tissue hyperelastic response, as characterized by the power ␣ in the Ogden model, also increases with age ͓Fig. 5͑b͔͒. This effect seems to be more significant in the age range below 50 years of age and again appears to saturate at older age. The present data suggest that the value of ␣ increases by approximately a factor of 2 from young adult males to old males. The age dependence of the ratio between the initial shear modulus of the time-dependent network ͑B͒ B relative to the initial shear modulus of the equilibrium network ͑A͒ A is given in Fig. 5͑c͒ together with a nonlinear regression function and the corresponding 95% confidence intervals. The exponential function B / A = 95.0exp ͑−0.047 85Y͒ + 5.0 provides a reasonable fit to the experimental data with a regression coefficient of R 2 = 0.6625. It should be noted here again that the same value of ␣ was used for both network ͑A͒ and network ͑B͒ in the model. For the dependence of the effective inelastic stretch rate on the effective inelastic stretch, a single value of the parameter c was used throughout the study, i.e., c = −1.0, and hence there was no age dependence for this parameter. The stress dependence of the inelastic deformation as expressed through the power m was found to not significantly vary with age. The mean value of this parameter was determined as m = 1.633 with a standard deviation of 0.3011. A one-sample two-tailed t test was conducted to verify if the stress dependence of the viscoplastic flow law was significantly different from m = 0. This test resulted in a p value of p Ͻ 0.0001, demonstrating statistical significance. The finding that m can be assumed as a constant is especially interesting when considering the analysis of the age dependence of the viscosity scaling constant Z. A comparison of the values of this parameter becomes meaningful if m can be treated as a constant, such that all Z values possess the same units, i.e., ϳ͓s −1 ͑kPa͒ −1.6 ͔ in the present case. Figure 5͑d͒ suggests that the viscous response of the tissue, as characterized by Z, decreases significantly with age. For older males Z is found to be approximately one-third of that of young adult males.
For the female specimens no age dependence could be determined due to the small spread in age in the specimens available. Nevertheless, the dependence of the constitutive parameters on gender is investigated. For female subjects the mean age is Ȳ = 85 compared to Ȳ = 55 for the male subject group. In order to examine gender-related effects in subjects of a similar age range, the two youngest male specimens were excluded from the analysis, resulting in Ȳ = 70 for the male subgroup. Following the results of Fig. 5 , in this subgroup the age dependence of the model parameters is then much less pronounced than for the overall male population. For the female specimens a mean value of the tissue equilibrium stiffness of A = 2.45 kPa with a standard deviation of 1.32 kPa was obtained, whereas for the male specimens ͑Ȳ =70͒ it was A = 5.11 kPa with a standard deviation of 2.27 kPa. These data result in a male-to-female difference in the mean values of tissue equilibrium stiffness of A ͑male͒ − A ͑female͒ = 2.66 kPa. A one-tailed t test was conducted to investigate if this difference between male and female tissue stiffness was statistically significant. This test resulted in a value of p = 0.031 ͑DOF= 4.591͒, indicating that this genderrelated difference in stiffness was significant. In addition, a nonparametric Mann-Whitney U test was conducted to further investigate if the finding of A ͑male͒ Ͼ A ͑female͒ was statistically significant, without the assumption of normal sample distribution. This test returned a value of p = 0.0557, close to statistical significance. A similar analysis of genderrelated difference was also conducted for the power of the hyperelastic response in the Ogden model. For the female specimens a mean value of ␣ = 15.76 with a standard deviation of 2.60 was obtained. For the male specimens ͑Ȳ =70͒ it was found that ␣ = 14.90 with a standard deviation of 0.4. These data result in a difference between male and female of ␣ ͑male͒ − ␣ ͑female͒ = −0.856. Results of both the t test and Mann-Whitney U test indicate that the difference was not statistically significant with p Ͼ 0.5 in both cases.
For the parameters characterizing the inelastic tissue response no further statistically significant gender difference was observed: for B / A a one-tailed t test for significance in gender resulted in p = 0.093 ͑DOF= 4.207͒; the corresponding U test for B / A ͑male͒ Ͼ B / A ͑female͒ resulted in p = 0.143. For m a one-tailed t test for significance in gender resulted in p = 0.063 ͑DOF= 5.733͒, and the corresponding U test for m͑male͒ Ͼ m͑female͒ resulted in p = 0.087. For Z a two-tailed t test for significance in gender resulted in p = 0.415 ͑DOF= 4.67͒, and the corresponding U test for Z͑male͒ Ͻ Z͑female͒ resulted in p = 0.2293.
IV. ANALYSIS OF THE EQUILIBRIUM F 0
Predictions of fundamental frequency can be obtained from Eqs. ͑1͒ and ͑2͒ once a constitutive model is established and its parameter values are determined. For comparison purposes, the example of linear elasticity as described by Hooke's law is considered first. Combining a onedimensional description of linear elasticity model, = E⑀ = E͑ u −1͒, with Eq. ͑2͒ one obtains
with
The fundamental frequency F 0 is thus given as the product of a deformation measure and a reference frequency F lin * containing the information of the tissue elastic response, its resting length and density.
For the hyperelastic tissue response the combination of Eq. ͑2͒ with Eq. ͑10͒ leads to a prediction of F 0,hyper in dependence of the constants of the hyperelastic constitutive model and the tensile deformation as The predicted dependence of F 0 on age for the male specimens is depicted in Fig. 7͑a͒ with F 0 calculated through Eq. ͑15͒. For the calculation of F 0 , individual specimen resting length data were combined with the constitutive parameters given in Table I . A stretch of u = 1.2-typical length changes in males-and a tissue density of = 1040 kg/ m 3 were assumed. 5, 36 To put predicted F 0 data into perspective, Fig. 7͑a͒ also shows trend-lines approximating the life-span changes of F 0 based on human speaking F 0 data obtained by Brown et al. 37 and Krook 38 A linear regression analysis was conducted, and it was found that the predicted F 0 could be fitted by F 0 ͑Y͒ = 0.9599Y + 42.454, with the regression coefficient R 2 = 0.55. The present finding of an age-related increase in fundamental frequency due to changes in the hyperelastic constitutive parameters is consistent with empirical life-span changes after middle age where F 0 gradually increases with age in males above Y Ϸ 40.
37- 39   FIG. 6 . Dependence of the predicted normalized fundamental frequency F 0 / F * on applied tensile stretch u based on Eqs. ͑10͒ and ͑16͒. Predictions are shown for a young adult male ͑␣ = 9.0͒, an old adult male ͑␣ =15.0͒, and a linear elastic model ͑Hooke's law͒.
In females, the data of Brown et al. 37 and Krook 38 show a gradual decrease of F 0 on age, especially for Brown et al. 37 They also found F 0 to be larger in females than in males, as expected. Equation ͑15͒ was also used to predict F 0 values for the present female subjects. Again, for this analysis individual specimen resting length data were combined with the constitutive parameters given in Table I , and a tissue density of = 1040 kg/ m 3 was assumed. However, for the female subjects a larger value of stretch due to posturing was used, = 1.3. 36 Figure 7͑b͒ depicts trends of F 0 from Refs. 37 and 38 in comparison to predicted F 0 values. For several of the subjects, the predicted F 0 is well in the range of data from Refs. 37 and 38, while for the oldest female subject ͑Y =97͒ the predicted F 0 value is much lower.
In general, the values of F 0 predicted in the present study tend to be lower than those from speaking data. Several factors are deemed responsible for this. First, the inelastic tissue properties need to be considered. For a discussion of this aspect, see the following section. Second, only the vocal fold cover is investigated in the present study. The use of Titze and Hunter's 25 correction factor is only a rough approximation for our description of the vocal fold cover, since it was derived for the vocal ligament. The effect of bending stiffness is expected to be similar, but not the effect of the macula flavae, which are not part of the vocal fold cover. Future studies should include a correction factor more specific to the vocal fold cover, as well as the key contributions of the vocal ligament, which should allow the model to predict more physiological F 0 values. Third, intrinsic laryngeal muscle activities were not included in the present study. Activities of the cricothyroid and the thyroarytenoid muscles could either increase or decrease the stiffness of the vocal fold cover depending on a balance of their antagonistic actions, and it is well documented that they combine to regulate F 0 .
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V. ANALYSIS OF THE NONEQUILIBRIUM F 0
In the results presented in the preceding section the analysis of F 0 was based only on the hyperelastic contribution of the equilibrium network ͑A͒. If Eq. ͑15͒ was calculated with A + B instead of A only, values of F 0 much larger than physiological data would be predicted. For example, for males Y Ͼ 50 an average value of F 0 = 388 Hz is obtained at u = 1.2. This finding suggests that the elastic component of network ͑B͒ may only partially be contributing to the regulation of F 0 . The exact relative amount of elastic and inelastic deformation in network ͑B͒ depends on the frequency and the magnitude of the stretch during vocal fold length changes. Predictions of the time-dependent evolution of F 0 can be obtained by combination of Eq. ͑2͒ with numerical predictions of the longitudinal tissue stress by use of solutions from Eq. ͑12͒. One example of a predicted time dependence of F 0 is given in Fig. 8 where a deformation history of u = 1.0→ 1.2→ hold → 1.1→ hold → 1.2→ hold → 1.1 is considered. The stretch rate in the computation is 0.4/ s such that the initial stretch takes 0.5 s corresponding to a loading frequency of 1 Hz. Such rates of stretch are representative of vocal fold length changes during speech. [31] [32] [33] The present model predicts changes in F 0 to occur over short time periods ͑several ms to several hundred ms͒ after stretch was changed. If stretch is increased from the previous level, F 0 drops from a higher value to a steady state. If stretch is decreased from the previous level, F 0 increases from a lower value to a steady state. The findings of predicted F 0 changes to occur in the range of up to several hundred milliseconds are in general agreement with exponential time constants for vocal fold length changes if they occurred at submaximal speeds. 33 In order to quantify the time-dependent response, we define a characteristic time constant as the time for 90% of stress relaxation to have occurred. Figures 9͑a͒ and 9͑b͒ show predicted time constants for male and female speci- FIG. 7 . Dependence of the predicted fundamental frequency F 0 on age for ͑a͒ male specimens and ͑b͒ female specimens. Data points represent individual specimens of the present study. Two trend-lines depict approximately the change in speaking fundamental frequency with age as reported by Brown et al. 37 and Krook 38 mens, respectively, in dependence of applied stretch. The predicted time constants are found to be dependent on stretch. As stretch increases the inelastic response of the tissue is reduced and the time required for stress relaxation increases. For male subjects the characteristic time constant at u = 1.2 increases with age, = 1.2ϫ 10 4 + 4.0͓1 − exp͑−0.00011ϫ Y͔͒, R 2 = 0.605. However, no statistically significant difference between gender was found.
VI. DISCUSSION
The present study documents the large-strain, hyperelastic, and viscous ͑hysteretic͒ response of the human vocal fold cover under uniaxial tensile deformation. Experimental stress-stretch ͑or stress-strain͒ data were obtained from the superficial layer of the lamina propria ͑the vocal fold cover͒, as compared to previous data on the deeper layers of the lamina propria ͑the vocal ligament͒. 8 Both the epithelium and the superficial layer of the lamina propria likely contributed to the observed tensile mechanical response, although it was not possible to determine their exact contributions in the present study. In agreement with previous studies on vocal fold elasticity, it was found that the vocal fold cover was highly nonlinear, hysteretic, and with a large interindividual variability, although these observations were based on only a limited number of specimens. To obtain a more fundamental understanding of the structural basis of the tissue deformation response based on age-and gender-related differences, a constitutive modeling approach was employed in the analysis of the data. The constitutive model was formulated based on the application of Ogden's hyperelastic model within an incremental inelastic ͑viscoplastic͒ network model. In this constitutive formulation, no arbitrary separation into a lowstrain, linear elastic region and a large-strain, nonlinear exponential regime is required, as was common in earlier studies of vocal fold tissue elasticity. 7, 8 Results showed that the constitutive model approach was capable of simulating the vocal fold cover deformation response if the applied deformation remained below a stretch of Ͻ1.3. For higher values of the applied stretch it appears that more than one inelastic mechanism of deformation needs to be accounted for, particularly for characterizing the female specimens. An extension of the current model to allow for its application at large deformation can be constructed by adding a second inelastic network to the model, for example. Such an approach is currently under investigation.
From a functional biomechanical perspective it is of great interest to correlate the tissue mechanical response to the histological structure of the vocal fold ECM. For the human vocal fold age-and gender-dependent variations in collagen and elastin concentrations and their spatial distributions in the lamina propria were reported by Hammond et al. 23, 24 Collagen concentration in the most superficial 40% of the lamina propria ͑cover͒ was observed to increase with age for males, but was found to be rather constant with age for females. On the other hand, elastin concentration in the vocal fold cover was observed to increase with age for both males and females. When comparing the collagen content between geriatric males and females of 65 to 82 years of age, it was found that the collagen concentration in the vocal fold cover of males was considerably larger than in samples of females, whereas for elastin it was smaller in geriatric males than in females. 23, 24 In the present study, for the male specimens it was possible to correlate the tissue mechanical response as expressed by the parameters of the constitutive model to their age. Consistent with the age-related increase in collagen and elastin concentrations it was observed that the tissue stiffness-characterizing parameters, A and ␣, generally increase in magnitude with increasing age. These changes in tissue properties are well represented in the predicted fundamental frequency response, i.e., the increase of the predicted F 0 is correlated with the increase in the magnitude of the stiffness characterizing parameters.
In addition, the response of the male and the female specimens was compared with respect to the stiffness of the time-independent equilibrium response in network ͑A͒, i.e.,
A . The present data suggest that stiffness of the male vocal fold cover is approximately twice that of the female, consistent with a higher collagen concentration ͑and perhaps lower elastin concentration͒ in geriatric males. Due to the small number of samples available within each gender group, however, this finding needs to be considered as preliminary, even though results of the t test indicated the difference was statistically significant. The parameter ␣ determines the degree of nonlinearity of the tissue hyperelastic response, and its value qualitatively depends on the process of the recruitment of collagen and elastin fibers into the loading direction. 41 The lack of gender-related difference in ␣ could imply that the recruitment of collagen and elastin fibers in the vocal fold ECM to withstand tensile deformation is apparently gender unspecific. This was surprising, given that the male vocal fold cover has more collagen and less elastin than the female in geriatric specimens. 23, 24 Further studies with additional specimens are needed to resolve this apparent discrepancy. In considering the consequent gender differences in F 0 , genderrelated magnitudes of vocal fold length changes are relevant. Adopting the finding that ␣ ͑male͒Ϸ␣ ͑female͒, L = 19.45 mm ͑males, Y Ͼ 50͒ and L = 14.42 mm ͑females͒, equal tissue densities for male and female, and a stretch of u = 1.2, Eq. ͑15͒ predicts similar fundamental frequencies for the two genders, F 0 ͑male͒ = 106 Hz and F 0 ͑female͒ = 104 Hz. This finding suggests that the effect of longer vocal folds in our male specimens, which should lower F 0 , is being compensated for by their higher tissue stiffness, which raises F 0 . The higher F 0 values for females as documented from speech data could thus be the result of higher levels of stretch during vocal fold posturing. The parameters characterizing the time-dependent response, B and Z, decrease in magnitude with age. These parameter changes suggested that younger males may possess a compliant equilibrium network ͑A͒ and a relatively high stiffness in the elastic response of network ͑B͒. In such a situation, most of the stress would be carried by the network ͑B͒. Since the viscosity scaling constant Z of the inelastic flow rule was also large for the younger males, the resulting amount of inelastic deformation would be significant and lead to a pronounced hysteretic response. Older males may possess a stiffer equilibrium network ͑A͒ and a relatively compliant elastic response in network ͑B͒. In this case a reduced level of stress would be present in the timedependent network ͑B͒. Since the viscosity scaling constant Z of the inelastic flow rule was small, the resulting amount of inelastic, time-dependent deformation would be reduced. This trend is represented in the increase in the value of the predicted time constants with age ͑Fig. 9͒.
VII. CONCLUSION
The mechanical behavior of the human vocal fold cover under large-strain uniaxial tensile loading was quantified at a frequency of 1 Hz, and data for six male and five female specimens were obtained. While this data set is limited and the findings should be considered preliminary, several conclusion could nonetheless be drawn:
͑1͒ The stress-strain response of the vocal fold cover was found to be highly nonlinear and hysteretic, consistent with previous findings on vocal fold elasticity. Age and gender of the specimens appeared to significantly impact both the elastic and the time-dependent tensile deformation behavior. A constitutive model approach comprised of a hyperelastic ͑large-strain͒, equilibrium network in parallel with an inelastic ͑viscoplastic͒, time-dependent network was formulated to simulate the empirical data. It was found that the model was capable of describing the tissue behavior with reasonably high confidence, except for high levels of vocal fold elongation. ͑2͒ Trends found in the age and gender dependence of the tissue mechanical behavior are in good agreement with previously reported age-and gender-related differences of collagen and elastin concentrations in the vocal fold cover. Based on the constitutive parameters it was found that for males the stiffness of the timeindependent response increases with age and that the viscous hysteretic response of the tissue decreases with age. When comparing the gender groups, geriatric male specimens appeared to be nearly twice as stiff as the geriatric females. No significant difference between gender was found in the time-dependent response. ͑3͒ Predictions of the fundamental frequency showed an increase in this parameter with age for males, in agreement with published life-span changes of F 0 . The predicted characteristic time constants for F 0 under stretch transients are in the range of those from speech data. The magnitude of the time constants tends to increase with age. ͑4͒ Considering equal magnitude of stretch, similar fundamental frequencies between geriatric males and females are predicted as the effect of shorter vocal fold length in females is compensated for by the reduced tissue stiffness. No significant difference in the timedependent response between males and females was found.
This study has focused on only the passive biomechanical response of the vocal fold cover, without including the important contributions of the vocal ligament in tensile stress regulation, and the active contributions of the intrinsic laryngeal muscles. Also, the size of our empirical data pool was limited. Nevertheless, it was demonstrated that some of the empirical life-span changes of speaking F 0 could be explained by the proposed constitutive model reasonably well. The present findings suggest that our modeling approach may provide a promising framework for characterizing the contributions of the passive tissue mechanical response to the process of F 0 regulation. Future investigations should include a larger number of specimens, a constitutive model including an extended formulation of inelastic deformation, and considerations regarding the contributions of the vocal ligament to fundamental frequency.
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APPENDIX
The procedure followed in the parameter identification follows Ref. 18 but incorporates modifications for the current choice of the hyperelastic response. Initially, stresses in network ͑B͒ are set to zero ͑fully relaxing the network͒ by assigning a large viscosity scaling constant Z͑Z Ͼ 1.0͒. Then, the hyperelastic equilibrium response provided by network ͑A͒ becomes the model response, characterized by the parameters A and ␣. The values of A and ␣ are determined through a least-square optimization process following the Levenberg-Marquardt method to best fit the experimental equilibrium response estimated from the empirical stressstretch curves as the midpoint values between the loading and unloading portions of the hysteresis loop. Subsequently, the initial shear modulus of network ͑B͒ is determined from the tangent stiffness E t at load reversal where network ͑B͒ responds through its hyperelastic deformation only. The tangent modulus at the onset of unloading E t is the sum of the elastic moduli of the two networks: 
ͬ . ͑A1͒
The viscosity scaling constant Z is then obtained such that the simulated loading-unloading curves expand gradually from the equilibrium curve to fit the experimental data points of the stress-stretch hysteresis loop. The stress power parameter m is chosen such that the predicted response fits the initial slope of the experimental loading curves. For all but one of the present specimens of the present investigation the stretch power parameter is set to c = −1.0. With this choice the model allows one to predict the decay in hysteretic loss with an increase in u,rev as observed previously. 4 
